Abstract Anterior cruciate ligament (ACL) injury is associated with mechanical instability and defective neuromuscular function, and can lead to further injury, increased joint loading and osteoarthritis. Patients with ACL injury demonstrate altered postural orientation, manifested as observable ''substitution patterns'' (SPs) but no one has applied a clinically useful method to systematically study postural orientation in these patients. Here, we investigated the presence of such patterns in 24 adults with ACL injury and in 49 controls, in parallel with the development and a first evaluation of a new test battery, test for SPs. The rationale behind the test for SPs was to characterize postural orientation as the ability to maintain appropriate relationships between body segments and environment during weight-bearing movements. In this first study, patients displayed SPs more frequently and/or more clearly on their injured, but also their uninjured side than did controls. Inter-rater and intra-rater reproducibility was good at a group level. Future studies of validity, responsiveness and including other subgroups of patients with ACL injury will have to prove if the test for SPs can be used in the diagnostics of defective neuromuscular function following knee injury, when planning and carrying out training and rehabilitation and when deciding appropriate time to return to activity and sports after ACL injury.
Introduction
Anterior cruciate ligament (ACL) injury is associated with mechanical instability and defective neuromuscular function [1, 29] . In the long term, there is an increased risk of further injury, increased joint loading [37] and osteoarthritis (OA) [23, 30] . Clinically, patients with ACL injury demonstrate altered postural orientation, but to the best of our knowledge no one has applied a clinically useful method to systematically study postural orientation in these patients.
Postural orientation is defined as ''the ability to maintain an appropriate relationship between the body segments, and between the body and the environment when performing a task'' [34] . Postural muscular responses stabilize the joints and act against gravity, through both anticipatory postural muscular activity preceding the onset of the intended movement (feed forward control), and postural muscular activity accompanying and following the intended movement and/or unexpected perturbations (feedback control) [19, 34] . This dynamic multijoint stabilization [4, 18, 28, 35] is of crucial importance in postural orientation.
It appears likely that postural orientation can be affected if any part of the sensorimotor system does not function adequately. This would be not only due to the loss of mechanical stability, but also due to ensuing changes in proprioceptive input from the joints, muscles and ligaments [1, 22, 35] , which may lead to altered information processing in central nervous sensorimotor circuits [15, 22, 35] . In an individual with ACL injury, the defective joint stability can lead to an altered position of the knee in relation to hip and foot, with increased risk of sudden knee pivoting and additional lower extremity injury [12, 17, 21, 25] . Disturbances in the activation of the gluteus maximus in patients with recurrent ankle ligament injuries indicate that inappropriate control of the muscles acting on joints adjacent to the affected one can also arise [7, 8] .
In addition to altered ankle-knee-hip-joint position after ACL injury [17, 21, 24, 25] , alterations in movement patterns during different tasks, such as forward lunge, step, and one-legged hopping have been described [3, 33, 38] . In this study, we have called the clinical observation of altered postural orientation a ''substitution pattern'' (SP) [28] , and assume the SP to be the result of an impaired ability to stabilise the body segments in relation to each other and to the ground/environment when performing a weight-bearing movement. It is likely that when no measures are taken to correct these patterns, problems can arise manifested by joint swelling, pain, continuous giving-way episodes and/or defective neuromuscular function [12, 17, 21, 25] . To be able to systematically and reproducibly study the presence of SPs in the clinical setting, an instrument is needed that without much equipment allows an assessment of the ability to stabilize body segments in relation to each other and to the environment, fundamental qualifications for any movement. In this study, we therefore started the development and made a first evaluation of a new test battery, where the focus is on the ability to maintain appropriate relationships between body segments, and between the body and the environment when performing different weight-bearing movements. We have named this test battery test for substitution patterns (TSP).
The aims were to conduct a first investigation of the presence of SPs in patients with ACL injury and in uninjured controls, using the TSP. Inter-rater and intrarater reproducibility of the scoring were evaluated. We hypothesized that ACL injury is associated with altered postural orientation that can be observed by the TSP as SPs in the injured and/or in adjacent joints, and that these patterns are infrequent in uninjured individuals.
Material and methods
The study was approved by the Research Ethics Committee at Lund University, Sweden. All subjects gave their written informed consent to participate. The subjects had no prior knowledge of the test concept.
A total of 73 subjects were included in the study. Twenty-four (12 women) patients (mean age 28, range 18-42 years) with a total, unilateral, nonreconstructed ACL injury, mean duration 2.8 years, SD 2.4, were included. The diagnosis was verified by clinical examination, arthroscopy and/or magnetic resonance imaging (MRI) at the Department of Orthopaedics at Lund University Hospital, Sweden. All patients had increased sagittal laxity with a positive Lachman test and a positive pivot shift test. Sixteen of the patients had associated meniscal afflictions, two had an associated collateral ligament injury and one had a compressive trauma to the lateral femur condyle cartilage. Fourteen of the patients had injured their right knee and ten their left knee. All patients were at a given date on a waiting list, scheduled for ligament reconstruction because of knee instability or expectations of a higher activity level. None had a history of complaints or injury to the contralateral extremity. The number of sudden ''givingway episodes'' since injury varied from 0 to 10 times (mean 5, SD 4.2). The patients' mean perceived instability on a Visual Analog Scale (VAS) was 55 mm (range, 20-100 mm). Self-reported knee function was assessed by Lysholm knee-scoring scale (min 0, max 100 points, 100 indicating no knee problems), where mean was 69 points (range 49-90) for the patients [36] . Before injury, all patients engaged in recreational sports, but not on a competitive level, and had a pre-injury activity level similar to that of the 49 uninjured controls. All patients had undergone training supervised by physiotherapists but not at the clinic where the assessments took place. Four of the 24 patients perceived mild pain during or after a test occasion. Five of the patients reported knee-pain or a swollen knee before one of the test occasions, but not at the other.
Forty-nine (26 women) subjects (mean age 27, range 17-44 years) with no reported neuromuscular or skeletal dysfunction in the lower extremities, back or neck, participated as controls. The uninjured controls regularly engaged in recreational sports, such as aerobics, jogging, cycling or ball games, but none of them engaged in competitive sports. Their mean Lysholm knee score was 98 points (range, 80-100) and their mean perceived knee instability on the VAS was 0.9 mm (range, 0-16 mm). None of the 49 controls experienced any pain during the test procedure.
Each subject was tested twice with 7-14 days between the two test occasions. A staff member not participating as an examiner contacted all 73 subjects in the study. Two examiners, referred to as ''Examiner A'' and ''Examiner B'' demonstrated the test-movements, observed and scored the subjects separately but simultaneously on each test occasion, which lasted about 35 min. The examiners were experienced physiotherapists, specializing in knee injury rehabilitation and very familiar with the TSP. The examiners were blinded to whether or not subjects had an ACL injury (Tubi-gripÒ stockings covered both knee joints to disguise possible scars from knee arthroscopy), or to any knowledge of the subjects' Lysholm-or VAS score. The subjects received no information about what the examiners were observing and scoring during the tests. All subjects were dressed in shorts and T-shirt, without shoes or socks, except when performing test G, when all subjects wore trainers.
The TSP, based on clinical observations originally made by Dr. Rose Zätterström (personal communication), consisted in this study of nine test-movements referred to as A to J, as illustrated and described in the Appendix.
Test-movements A to J were performed in a random order. Tests A, C, D, and E were performed five times first on the right leg, then five times on the left leg. Tests B and G were performed five times alternating between the right and the left leg. Test F was performed for about 20 s on each side, and test H for approximately 2 min (see below). Test J was performed on both legs at the same time. The subjects were not allowed to practice the demonstrated movements before the testing was performed.
For each of the nine test-movements, 1-7 SPs were defined (in accordance with our clinical experience on what had been observed on the injured side in several patients) giving a total of 36 SPs (see Appendix). Two examiners scored each subject at the same time, using a four-point, 0-3, ordinal scale: ''0'': no SP present; ''1'': SP possibly present (an experienced examiner could see the pattern); ''2'': SP clearly present (an inexperienced person could see the SP); and ''3'': subject performed very poorly (i.e., when a subject could not perform the test the predefined number of times or when the subject performed so poorly that there was no similarity to the task). In order to be scored as non-''0'', an SP should be observed in the majority of the repetitions, i.e., at least three of the five times (test F; 15 times in 20 s and test H; 15 times in 2 min).
All calculations and statistical analyses were carried out using SPSS (Statistical Package for the Social Sciences) 15.0. Eight total scores (2 legs 9 2 occasions 9 2 examiners) were calculated for each of the 73 subjects (a total score is the sum of points on a given occasion and by a given examiner). The total scores could range from a minimum of 0 point and a theoretical maximum of 108 points (3 points 9 36 patterns). The average of the right and the left leg was used for statistical analysis in the controls since there were no differences between the legs.
In all total scores-comparisons, mean values (of four pooled total scores for each of patients' legs, and eight pooled total scores for controls) were used. In the within group comparisons, the Wilcoxon Signed Rank test was used, and in the between group comparisons the MannWhitney U-test was used. P values less than or equal to 0.05 were considered statistically significant.
Three aspects of inter-rater and intra-rater reproducibility were analysed. To address instrument accuracy, the number of observations with ''agreement'' and ''no agreement'' was calculated [10] . ''Agreement'' means that a given examiner gave the exact same points on occasions 1 and 2 or that the two examiners gave the exact same points on a given occasion. To address instrument-bias, the Wilcoxon Signed Ranks test was used. The ''95% limits of agreement'' (LOA) was used for assessing within subject variation (absolute reproducibility for subjects, mean difference ± 1.96 SD of the difference).
Results
The range of the pooled total scores (see ''Material and methods'' section) measured by the TSP in this study was 0-47 points. Patients displayed more SPs on their injured side (pooled median total score 8 points, range 0-47) compared to controls (pooled median total score 1 point, range 0-7) (P \ 0.001). Patients also displayed more SPs on their uninjured side (pooled median total score 2 points, range 0-8) compared to controls (P = 0.025). There was a significant difference between pooled total scores of the patients' injured as compared to their uninjured side (P \ 0.001). The patients' number of sudden ''giving-way episodes,'' the perceived instability on VAS and the Lysholm score did not correlate with the patients' scores on the TSP.
A breakdown of the pooled total scores across occasions 1 and 2 and across Examiners A and B is shown in Table 1 , while a breakdown of scores across individual test-movements is given in Table 2 . Except for test-movements A and H, differences between the scores for the patients' injured side compared to controls were significant for all test-movements (P = 0.043 for test-movement B, P \ 0.001 for the remaining). Differences between patients' uninjured side and controls in individual testmovements were not significant (P C 0.3 for all comparisons).
The score ''2'' was given 75 times and the score ''3'' was given 34 times for a patients' injured leg. In the controls, the score ''2'' was given three times. None of the controls was ever scored a ''3''.
The inter-rater (between Examiners A and B) and intrarater (between occasions 1 and 2) reproducibility for all subjects is shown in Table 3 . Notably, of ca. 21 000 observations made in total in this study (n = subjects 9 legs 9 SPs 9 examiners 9 occasions), only 6% were classified as ''no agreement.'' Of these, a majority (87%) differed by one step on the scoring scale (0-1, 1-2 or 2-3), 6% differed by two steps (0-2, 1-3), and 6% differed by three steps (0-3). All three-step differences were between occasions 1 and 2 and were only observed in the patients.
Small but statistically significant differences were found in total scores between occasions 1 and 2 in controls but not in patients, and between Examiners A and B at occasion 2 in the patients. However, all these total score differences were maximum 1 point (Table 1) .
Discussion
The most important finding of this study was that SPs could be detected with the TSP in a subgroup of patients with ACL injury, as more frequent and/or more clearly present SPs on patients' injured and uninjured sides as compared to uninjured controls. These findings support our hypothesis that ACL injury is associated with altered postural orientation, which may be measured as SPs associated not only with the injured joint but also with adjacent joints, and that these are infrequent in uninjured subjects. Inter-rater and intra-rater reproducibility of the TSP scoring was good at a group level. When a new instrument is introduced, validity, reliability and generalizability have to be considered. In this study, we started this investigation by addressing reproducibility, but several issues remain. Concurrent validity could not be obtained since no test-instrument similar to the TSP exists for golden-standard-comparison. To evaluate validity of the TSP, SPs should be documented and characterized by, for instance, a computerized motion capture system and compared to visual assessment, as carried out here. The TSP also needs to be compared with several well-known and commonly used tests of, for example, muscle strength, reflex contraction latency of the muscles measured with electromyography, and hop tests, as well as with patient-relevant outcomes.
Another limitation is the generalizability of the TSP. The present sample was recruited on a specific date from a waiting list for surgical reconstruction and thus constituted a mixture of patients with severe and moderate instabilityproblems, but with high demands of function. However, although all patients had knee instability, we cannot disregard the issue of selection bias. To be able to use the TSP in the clinic, it needs to be investigated in other subgroups of the ACL-population, e.g., in newly injured, during and after completed rehabilitation.
Alterations in movement and joint loading after ACL injury have been investigated previously [14] . In specific, altered muscle activation patterns [20] , muscle timing and recruitment order [39] , movement patterns [38] , joint loading [17] and walking patterns [2] have been described. While focus in these studies was on quantitative aspects of movement and joint loading, this study evaluates the quality of performance with respect to postural orientation. Few visual observation-based test instruments with focus on qualitative aspects have been used in studies of patients with knee injury. Oberg et al. [26] developed an assessment system for lower extremity joint impairments, but the test was developed for and tested on older patients with OA, scheduled for total joint replacement arthroplasty, and may thus not be relevant for younger patients with ACL injury. Bjorklund et al. [5] carried out a study of visual observation in ACL-insufficient subjects, evaluating functional performance in strength, stability, springiness and endurance. However, their test is best suited for athletes in a well-rehabilitated stage, since subjects have to be able to perform strenuous activity tests, such as various hop tests and fast running. To meet the demands of a test method evaluating qualitative aspects of function for both athletes and non-athletes before, during and after rehabilitation, the test-movements in the TSP do not require running or jumping. Instead, postural orientation, a fundamental condition for any movement, is evaluated.
In patients with ACL injury, a knee position medial to the foot is assumed to be an injury mechanism for ACL injury (named ''knee valgus'' or ''valgus collapse'') [14, 27] , and has also been reported to cause unfavourable complications by increasing the risk of new injuries through ''giving-way episodes'' [12, 17, 21] . In accordance with its clinical significance in ACL injury, the SP ''knee medial to the foot on supported side'' was detected in most TSP test-movements in the patients. In specific, patients got high points on test-movements C, F, G, J and to a somewhat lesser extent also on test-movements D and E. The fact that a patient could perform one test-movement with no SP, but scored high points in another, is in line with our prior clinical experience. It suggests that different starting positions stress different muscular synergies and activation patterns.
To develop a test lacking unnecessary items, Gustavsson et al. [16] choose three of five original hop tests, since they were the most sensitive to discriminate between the injured and the uninjured sides. In that perspective, test-movements A, B and H could be reconsidered as part of the TSP since they yielded low scores. However, it should be emphasized that the TSP is not intended as a diagnostic test for ACL injury. Its main purpose is to provide information on the patients' current postural abilities in different weight-bearing positions resembling conditions in daily life and more strenuous activities. Therefore, a variety of weight-bearing positions can be an advantage and it has to be finally decided in future studies which test-movements should be excluded from the TSP. The result that a substantial proportion of the patients had total scores that overlapped with the controls is consistent with other authors who found that patients with ACL-injury can perform similarly to uninjured subjects in functional tests [9, 13, 31, 32] . Fitzgerald et al. [13] , for instance, found that 42% of patients with ACL injury in their study had such a good knee stability (measured by a screening tool of clinical functional tests), that they were appropriate rehabilitation candidates with no need for surgical stabilization.
The agreement between occasions and examiners in this study was good at a group level. A contributing factor could be that the examiners in our study were familiar with the test method since they used the tests in their clinical work and had undergone a training session prior to the assessments. The importance of experience and standardization has also been pointed out by others [6, 11] . Notably, there was a lower agreement between occasions 1 and 2 than between Examiners A and B, especially on patients' injured side (Table 3 ). Five of the injured patients had knee-pain or a swollen knee in one of the test sessions only. This minority of patients (5 out of 24) affected the agreement between occasions by having more knee-complaints at one of the test occasions, indicating that the TSP can be sensitive to changes in function/symptoms.
In the uninjured controls, the median total score was statistically significantly lower on occasion 2 than occasion 1 (Table 1) , indicating a learning effect. Although the difference was small (one point) and its clinical relevance can be questioned, it may suggest that the TSP is an instrument well suited for patients with ACL injury but less so for uninjured individuals. No learning effect was seen in the patients.
The results of this study indicate that detecting, describing and measuring postural orientation may be important in patients with ACL injury. Since no easily accessible method to study SPs existed prior to this study, our findings can form the basis for the development of a clinically useful instrument to be used in the diagnostics of impaired neuromuscular function following knee injury, when planning and carrying out training and rehabilitation and when deciding appropriate time to return to activity and sports after ACL injury.
Conclusions
Patients with ACL injury exhibited altered postural orientation, measured with the TSP as more frequent and/or more clearly present SPs not only on their injured, but also their uninjured side, than did uninjured controls. SPs could be detected not only in the injured knee joint, but also in adjacent joints. Intra-and inter-rater reproducibility of the TSP was good at a group level. These results encourage us to study other subgroups of patients with ACL injury and to further clarify the validity and responsiveness of the TSP. Test J. Mini-squat S: Subject standing barefoot with feet a good hip-width apart. P: Instructions: ''Bend your knees as if you were going to squat (minimum 90°of knee flexion), and rise up again five times''. Examiner standing in front of subject.
